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1. INTRODUCTION
Thunderstormsimulations were performed for a

strongairmassstormandthreetypesof supercellstorms.
Several different electrificationparameterizationswere
usedfor eachtypeof storm.A uniqueaspectof thesimu-
lationswasa new, discreteparameterizationof lightning
discharges. The main focusof our analysiswas to ex-
aminecharacteristicsof theresultingchargedistributions
andlightning. Of particularinterestaretheseveralsuper-
cell stormsimulationsthatproducedpredominantlypos-
iti ve cloud-to-groundflashes.Resultsfrom the airmass
stormsimulationsarealsomentionedfor comparison.

2. SIMULATION MODEL
The numerical cloud model (Strakaand Anderson,

1993)usedfor thesimulationsis threedimensionaland
includesdetailedbulk microphysics,with separatecate-
goriesfor cloudwater, rain, cloud ice (columns,plates,
andrimed),snow aggregates,frozendrops,threegraupel
densities,andtwo size rangesof hail. The microphys-
ical packagedevelopedby Strakawasdesignedfor use
on a wide rangeof circumstanceswith minimal tuning
of parameters.Themicrophysicalparameterswerekept
constantacrossall of thesimulations.

Eachsimulationusedoneof threenoninductivecharg-
ing parameterizationsbasedon laboratory studiesof
charge separationby reboundingcollisionsbetweenice
crystalsand riming graupel. Noninductive charging is
assumedto occurindependentlyof the ambientelectric
field. The first schemeis basedon the Ziegler et al.
(1991) adaptationof the Gardineret al. (1985)param-
eterization,which wasbasedon thelaboratoryresultsof
Jayaratneetal. (1983).TheGardinerschemeusesafixed
chargereversaltemperature,whichwassetat � 	 
 � C for
thesesimulations.Graupelgainsnegative chargeat tem-
peratureslower thanthe reversaltemperatureandgains
positivechargefor collisionsoccurringathighertemper-
ature.Additionally, thecharging is negativeat low liquid
watercontent( �  � 	 gm � � ) regardlessof temperature.

Thesecondnoninductivecharging schemeis a modi-
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fiedversionof theriming ratecharging parameterization
of Brookset al. (1997)andSaundersandPeck(1998).
In the riming ratescheme,thesign of charge gainedby
graupeldependsonboththeambienttemperatureandthe
rime accretionrateof thegraupel.Thethird schemeis a
direct implementationof the laboratoryresultsof Taka-
hashi(1978). In theTakahashischeme,thecharge sign
is a functionof temperatureandliquid watercontent.

Electrificationwas also allowed by inductive charg-
ing (dependenton theelectricfield) betweengraupelor
hail andreboundingclouddroplets(Ziegler et al. 1991).
Theeffectivenessof themechanismis variedby chang-
ing the averageimpact angleandseparationprobabili-
ties, which are kept within the rangesof experimental
values. The modelalsoparameterizesthe formationof
electricalscreeninglayersat cloudboundaries.

Lightning discharges were producedby a stochas-
tic dielectric breakdown model (Wiesmannand Zeller
1986,Mansell2000)thatextendsflashesbidirectionally
in a step-by-stepmannerand createsrealistic, fractal-
like branchstructure(Figs. 1 and2). Discharge chan-
nelsarepropagatedstep-by-stepon a uniform grid with
500m grid spacing(diagonaldirectionsare allowed).
The electricfield contribution from the channelcharge
is computedafter eachstepby solving Poisson’s equa-
tion ( � � � � � � � � ) for the electric potential � . (The
net charge densityis � , and � is the permittivity of air.)
Simulatedflashessometimesdepositedenoughchargeto
reversethelocalnetchargedensity, andthisaddedcom-
plexity to thechargestructuresof thestorms(Fig. 3b,d).

Initiation of flashesoccurredwhenever the electric
field exceededthe so-called‘breakeven’ or ‘runaway’
threshold(Gurevich et al. 1992; Marshall et al. 1995).
The breakeven thresholddecreasesexponentially with
increasingaltitude and is lower in magnitudethan the
conventionalthresholdfor air breakdown. In themodel,
the thresholdis at a maximumof 125kV/m at low alti-
tudeandaminimumof 30kV/m atthetopof thedomain.

3. STORM ENVIRONMENTS
Three supercell storm environments were utilized

which produced a range of supercell storm types,
roughly encompassingthe range of low precipitation



(LP)
�

to classic(or moderateprecipitation)tohighprecip-
itation (HP) supercells.A numberof experimentswere
also performedwith a low-shearenvironment(airmass
storm).All threesupercellenvironmentswerecharacter-
ized by 0–5km shearmagnitudesof about30m/s. The
HPsupercellenvironmenthadnoshearabove 5km. The
LP stormhadverystrong5–10km shear, andtheclassic
supercellhadmoderatelystrong5–10km shear.

The airmassandHP supercellstormsusedthe same
temperatureandmoistureprofileswhich aretheanalyti-
cal functionsusedby WeismanandKlemp (1984).Both
stormenvironmentsusedhalf-circlehodographswith the
wind shearconfinedto the lowest5km, asin Weisman
andKlemp (1984). The only differencein the environ-
mentsof thetwo stormswasthearc lengthof thehodo-
graph: The airmassstorm hada hodographarc length
(U � ) of 10m/s, whereasthe HP supercellstorm had
U � � 
  m/s. ThesestormshadConvective Available
PotentialEnergy of about2200J/kg.

The LP supercell hodographwas constructedby
Strakaandhasslight curvature(veering)in the lowest
5km. In the5–10km layertheshearis nearlylinearwith
a magnitudeof about35m/s. The temperatureprofile
wasthesameasfor theHP storm,but themoisturewas
reducedabove 3km altitude.

Theclassicsupercellhodographhadstrongcurvature
(veering)up to 3km andstrongshearthrough14km. It
is a compositeof two soundingsfrom June2, 1995, in
theTexaspanhandle(Gilmore,2000).TheCAPEfor the
classicstormwasabout3000J/kg.

All the simulationsusedhorizontally homogeneous
initial conditions.Eachstormwasinitiatedwith awarm,
moistspheroidof radii 1.5 � 10 � 10km (12km for the
classicsupercell). Vertical grid spacingwas fixed at
500m andhorizontalspacingwas1.0–1.5km, depend-
ing on thestormtype. Thetime stepwas5.0s,andruns
werecarriedout to 105min afterinitiation.

4. COMPARISON OF CHARGING SCHEMES
The airmassstormsall produced� CG flasheswhen

the inductive charging was set to be strong,with peak
ratesof 4–5min � � . When inductive charging was set
to be weaker, however, only the simulationwith Taka-
hashinoninductive charging producedany � CG light-
ning. (Thesimulationwith Gardinernoninductivecom-
binedwith weakerinductive charging produceda single�

CG.) The inductive charging playedan importantrole
in theformationof a lowerpositivechargeregion,which
wasnecessaryfor theinitiationof � CGlightningflashes.

TheGardinerschemeresultedin thehighestcharging
ratesfor eachof the environments,especiallybetween
graupelandsnow aggregates.Thesimulationswith Gar-
diner charging alsohadthe highestIC flashrates. The
formulationof the schemeallowed significantnegative
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Figure1: Intracloudflash from a supercellsimulation. The
positiveleadersareshownin gray, thenegativeleadersin black.
Distancesare in km, and " # $ " % $ " & $ ' ( ( m. The
initiation point indicatedby thearrow in eachview.

chargingof graupelatrelatively low liquid watercontent,
andthestrongpower-law dependenceon crystalsizefa-
voredlargerchargetransferto snow versusice crystals.

The three noninductive charging schemeshad dis-
tinctly differentresultsin the CG lightning of the three
supercellenvironments. The Gardinerschemeresulted
in significant

�
CG lightning (up to 6min � � ) in all three

of the supercelltypes. The Takahashischeme,on the
otherhand,producedonly � CG lightning in theHP and
classicsupercellsandhardly any CG activity in the LP
supercell.TheLP stormwith Takahashiwasalsoby far
thelowestproducerof IC lightning amongthesupercell
simulations. The riming rate schemeproduceda few
flashesof both polaritiesin the HP storm,a numberof�

CG flashesin the classicstorm, and fair amountsof
bothpolaritiesin theLP storm.

A distinguishingcharacteristicof the Takahashipa-
rameterizationnot seenin the otherswas the positive
charging of graupelat low liquid watercontentdown to
temperatureslowerthan � ) 
 � C. Thishadits greatestef-
fectat thelowercloudboundaryof theforwardflankand
resultedin a layerof positivechargeextendingout from
thepositive chargeregion at theupdraftbase.This pos-
iti ve layerpromoted� CG flashesfartheraway from the
surfaceprecipitationregions thanwith the othernonin-
ductiveparameterizations.

5. SIMULATED CG LIGHTNING
The majority ( * +  %) of lightning dischargesin the

simulationswere intracloudflashes. Currently, a flash
is classifiedasa CG whena leaderreacheswithin 2km
of the ground. (This assumptionwill be testedin the
future.) Thepolarity of theleaderdeterminesthepolar-
ity of theCG. Oncea flashbecomesa CG, theupward-
propagatingleadersareallowedto continueasfor anIC
flash,but thedownwardleadersarehalted.

All lightning in the simulationsinitiated betweenre-
gionsof oppositecharge (Fig. 3b,d),wherethe electric
field is strongest,ashasbeeninferredpreviously for IC
flashesandnegative cloud-to-groundflashes.However,
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Figure2: As in Fig. 1 but for a positive cloud-to-groundflash
from a supercellsimulation.

positive cloud-to-groundflashesalsowere initiated be-
tweenoppositecharges in our simulations,a relation-
shipnot suggestedpreviously. Positive cloud-to-ground
lightning in thesimulationsoccurredonly whenthelow-
estsignificantchargeregionneartheinitiation point was
negative(i.e.roughlyapositivedipolestructureaboutthe
initiation point).

Positive cloud-to-groundlightning (e.g. Fig. 2) oc-
curredpredominantlyin thesupercellstormsimulations
thatusedtheGardinernoninductivecharging parameter-
ization. Theairmassstormsimulationwith theGardiner
parameterizationand stronginductive charging, on the
other hand, producedalmost exclusively negative CG
flashes. As mentionedabove, the only environmental
differencebetweentheairmassandHP supercellstorms
wasthemagnitudeof theshearin the0–5km layer.

A comparisonof theairmassandHP supercellstorms
with theGardinerschemeillustratesthedifferencesthat
led to � CG lightning in the airmassstormandto

�
CG

flashesin the HP supercell. In the airmasscase,neg-
atively charged graupeltendedto fall through the up-
draft into high cloud watermixing ratios, whereit ac-
quiredpositive charge via inductive charging. The air-
massstormthusdevelopedastronglowerpositivecharge
region which promoted � CG lightning (Fig. 3a-b). In
the HP supercellstorm(Fig. 3c-d), however, the higher
wind shearresultedin moregraupelfalling outsidethe
updraft, so that a more extendedvolume of negative
graupeldeveloped. The horizontallyextensive negative
charge resultedin IC and

�
CG lightning with the pos-

iti ve charge region above (Fig. 3d). Intracloudflashes
wereregularly initiatedbetweenthecharge layersin the
forwardflanksof bothstorms,but only in the supercell
stormdid someof thoseflashesconnectto groundto be-
come

�
CG flashes.

The model result that
�

CG flashesinitiate only be-
tweenoppositelychargedregions(positive above nega-
tive) appearsto be consistentwith the observationsre-
portedby Carey andRutledge(1998). Carey andRut-
ledgefound that a coronapoint sensorindicatednega-
tivechargeoverheadfor regionsof astormthattendedto

producepositive CG flashes(i.e. the lowestsignificant
charge region was negative). Other observations (e.g.
Brooketal.1982,Fuquay1982)alsohavesuggestedthat
stormsproducing

�
CG flasheshave a positive dipole

structure(positive charge over negative). However, the
commonlymentionedhypothesesto explain the occur-
renceof

�
CGflashesall seemto assumethatthelowest

chargeregionabovethe
�

CGstrikepointshouldbepos-
iti ve.Theoft-mentionedtilted dipole(or sheareddipole)
hypothesissuggeststhat positive CG flashesmight oc-
cur if an upper positive charge layer is shifted away
from the lower negative charge andbecomes“exposed
to ground.” Likewise, the “inverted dipole” and “en-
hancedlower positive charge” hypothesesboth assume
thata lower positive chargecauses

�
CG lightning. The

presentresultssuggestthatnegativechargeis neededbe-
low positivechargeto initiate

�
CG flashes.However, a

flashtriggeredfrom groundon a mountainpeakor tall
structurewouldpresumablyaccessthelowestsignificant
charge(eitherpositiveor negative),but this capabilityis
not includedin themodel.

6. CONCLUSIONS
The resultsof this researchare quite encouraging.

Thesophisticatedcloudmicrophysicspackagecombined
with detailedelectrificationandlightning parameteriza-
tionsrepresentauniquetool for numericalsimulationsof
thunderstormelectrificationandlightning. A wide vari-
etyof realisticlightningbehaviorsweresuccessfullypro-
duced,includingintracloudflashesin theconvective and
anvil regionsandcloud-to-groundflashesof both posi-
tive andnegative polarities.Theintracloudflashesoften
exhibited a bilevel structure,consistentwith many ob-
servations.High-altitudeintracloudflashesinvolving an
uppernegative electricalscreeninglayer occurredin all
of thestormsimulations.Thehighestdensitiesof light-
ning activity in thesimulatedstormsalwaysoccurredin
theconvective regions.

The negative CG flashesproducedby the model are
consistentwith the hypothesisthat a lower positive
charge region is neededbelow themainnegative region
to promote � CG flashes. This hypothesishasbeenin
theliteraturefor many years,thoughperhapsnot widely
accepted.The sensitivity testsindicatedthat inductive
chargingbetweengraupelandclouddropletsmaybeim-
portantto thedevelopmentof the lower positive charge.
Oneof thenew resultsof our stormsimulationsis thata
similarhypothesisshouldapplyto positiveCGflashes:a
negativechargeregion is neededbelow apositivecharge
region to promotepositiveCGflashes.
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